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Influence of Deviatoric Strain for Superconducting
Parameters of Nb Sn Wires
Hidetoshi Oguro, Satoshi Awaji, Gen Nishijima, Petre Badica, Fumihito Shikanai, Takashi Kamiyama,
Kazumune Katagiri, and Kazuo Watanabe
Abstract—The tensile strain dependence of the upper critical
field   for NbSn wires was measured using a new apparatus
for applying tension at low temperature. The critical current  
calculated from the strain-dependent   measurements is the
almost consistent with the measured  . In the measurements by
a new apparatus, the axial and the lateral applied strains were ex-
amined by the strain gauges attached onto the wire. The deviatoric
strain  and the hydrostatic strain  were estimated by the
axial and the lateral strain. We found the deviatoric strain de-
pendence of   is different between the tensile and compressive
strain states. This means that the hydrostatic strain also should be
taken into account in order to understand the strain effects on the
superconducting properties of NbSn.
Index Terms—Deviatoric strain, hydrostatic strain, NbSn,
upper critical field.
I. INTRODUCTION
Nb Sn superconducting wires are used widely for highfield superconducting magnets. The superconducting
properties of Nb Sn wires are very sensitive to stress and strain.
The large strain/stress sensitivity is a problem for the applica-
tion of Nb Sn wires [1]. In particular, the deterioration of the
superconducting properties due to the residual strain originated
from the thermal contraction difference between Nb Sn and
composed materials has been considered to be unavoidable.
We found that the superconducting properties of the wire
were enhanced by the prebending treatment (the repeated
bending cycle at room temperature) [2]. The direct strain mea-
surement by the neutron diffraction reveals that the prebending
treatment reduces the residual strain of the axial and the lateral
direction [3]. The reduction of the residual strain enhances the
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TABLE I
SPECIFICATIONS OF THE CuNb Nb Sn WIRE USED IN THIS STUDY
superconducting properties of Nb Sn wires in the prebending
effect.
In the application of Nb Sn wires to a superconducting
magnet, the wire underwent the tensile strain by the Hoop
stress. The tensile strain dependence of the superconducting
properties is important especially for the magnet application.
In addition, the prebending treatment can change the residual
strain of Nb Sn wires in the axial and the lateral direction.
Therefore, the superconducting properties of prebent wires
under tensile strains can help to understand the three-dimen-
sional-strain dependence of the superconducting properties for
Nb Sn wires.
In this work, we measured the tensile strain dependence of
the upper critical field by a newly developed apparatus of
the measurement with axial tensile strain, and compared
them to the critical current of Nb Sn wires. From the result of
measurements, we discuss the tensile strain dependence of the
superconducting properties for Nb Sn wires with and without
prebending strain, using the deviatoric strain suggested by ten
Haken [4]. We try to explain the superconducting properties of
the Nb Sn wires with both the tensile and the prebending strain.
II. EXPERIMENTAL DETAILS
A bronze route multifilamentary CuNb reinforced Nb Sn
wire with 1 mm in diameter was used in this study. The details
of the wire are presented in Table I. The prebending treatment
with prebending strain was loaded ten times using
pulleys.
An apparatus for measurements of the tensile strain depen-
dence of the upper critical field was made. The picture of
the apparatus is shown in Fig. 1. Both ends of the specimen wire
were soldered to the copper blocks. And one copper block is
fixed to the moving stainless steel plate behind it. The stainless
steel plate can be moved by rotating two warm gears. The shaft
rotates the warm gears for moving the stainless steel plate. The
stainless steel plate applies axial tensile strain for the wire
1051-8223/$25.00 © 2008 IEEE
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Fig. 1. The apparatus of the   and  measurements under the applied ten-
sile strain.
on the copper blocks. We can control the tensile strain by a step-
ping motor located on the top of the cryostat. This apparatus can
apply the tensile strain up to about 1%. The strain is measured by
the strain gauge attached on the surface of the wires. Two strain
gauges for the axial strain measurements are prepared on the op-
posite side of the wire, in order to cancel the influence of the wire
bending at the sample mounting. Other two strain gauges are at-
tached to measure the lateral strain. Hence, we can measure the
axial and the lateral components of the strain at the same time
for Nb Sn wires. When the probe is cooling from room temper-
ature, the moving stainless steel plate keeps movable. So we can
adjust the initial position of the zero strain at 4.2 K. The strain
is defined by the applied strain from the initial position. for
the wire with the applied tension is measured by a four-terminal
method at various temperatures in magnetic fields up to 18 T
(generated by a 18T-JASTEC magnet at the High Field Labora-
tory for Superconducting Materials (HFLSM), Institute of Ma-
terials Research (IMR), Tohoku University). The sample length
is 15 mm and the length between the voltage taps is 5 mm.
is defined by a linear extrapolation of the resistivity drop to zero
resistivity in the superconducting state.
The tensile strain dependence of the critical current for
Nb Sn wires was also measured by a four-terminal method with
5 mm voltage tap distance in liquid helium. The wire length was
40 mm. Magnetic fields up to 14.5 T were applied using 15T-SM
at the HFLSM. The details of the measurement under the
tensile strain are described in the [5].
III. EXPERIMENTAL RESULTS
The tensile strain dependence of is shown in Fig. 2. The
transverse axis in Fig. 2 is the applied axial tensile strain .
The maximum point of is obtained at 0.43% of the applied
tensile strain. This result suggests that the prestrain of the wire
is 0.43%. The obtained prestrain is the similar value measured
by the neutron diffraction [3]. The value was recovered to
the initial maximum value when the axial strain was reduced to
0.43% after applying the axial tensile strain 0.76%. This sug-
gests that the Nb Sn wire used in this study lies in the elastic
deformation region in the tensile strains up to 0.76% at least.
Fig. 2. Applied tensile strain dependence of  at various temperatures for
the as-reacted CuNbNb Sn superconducting wires.
Fig. 3. The result of the calculation for the tensile strain dependence of  at
4.2 K by Summers’ equation [10]. The inset is examples of the fitted results for
the temperature dependence of the  .
From the high temperature and low field data, the values
at 4.2 K were estimated by the following equation after Sum-
mers [6].
(1)
where is the upper critical field at zero temperature and
is the critical temperature at zero field. The estimated
at various tensile strains at 4.2 K and the temperature dependent
at and 0.43% are shown in Fig. 3. The max-
imum value of under the tensile strain is about 25.7 T and
is slightly smaller than T for the Nb Sn filaments,
which we measured directly under the strain-free state.
The values of as-reacted and prebent Nb Sn wires at 4.2 K
and 14.5 T are plotted as a function of tensile strain in Fig. 4.
The measurement result shows that the strain at the maximum
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Fig. 4. The circles are the tensile strain dependence of   from the measured
(closed symbol) and calculated values from  (open symbol) using Ekin’s
scaling law. The square symbols are the results for the 0.8% prebent wire.
critical current cm of the prebent wire is shifts to smaller tensile
strain state than that of the as-react wire. This result suggests that
the prestrain decreases from 0.4% to 0.16%. The value of cm
is also enhanced about 10% by the 0.8% prebending treatment.
was calculated from the estimated at 4.2 K by the
following scaling law of Ekin’s model [1]. Indeed, the value
obtained from the resistivity measurements is generally larger
than the extrapolated values by using Kramer plot. However, in
order to confirm a consistency of our obtained results on
under strain, we compare the with the under the strain.
cm
(2)
where and are the maximum critical current and max-
imum upper critical field, respectively. The comparison of the
estimated and measured is shown in Fig. 4. The calculation
value of the as-reacted wire is almost similar with the measured
as shown in Fig. 4. Hence, we can confirm that the measure-
ment of under the axial strain using the new apparatus is
reasonable. We discuss the strain dependence of in the next
section.
IV. DISCUSSION
The enhancement of by the prebending treatment as
shown in Fig. 4 suggests that the three-dimensional-strain
should be considered in order to understand the strain de-
pendence of the superconducting properties, especially the
prebending effect. We measured the strains along two different
directions, i.e., the axial and the lateral directions. Both of the
axial and the lateral residual strains were determined so that
the deviatoric strain at the maximum becomes zero. The
residual strain values with the lateral and the axial directions
have been also measured by the neutron diffraction in the pre-
vious study. The axial residual strain 0.43% is obtained for
the as-reacted Nb Sn wire and it is consistent with 0.429%
by the neutron diffraction. However, the lateral residual strain
measured in this study is about 0.14% and it is much different
with 0.007% by the neutron study. This difference is not
clear yet. There may exist residual strains by the strain gauges,
TABLE II
 AND  DETERMINED FROM THE NEUTRON DIFFRACTION AT 7 K, AND
 AT 4.2 K FOR THE Nb Sn WIRE AND Nb Sn FILAMENT [3]. THE Nb Sn
FILAMENT IS EVALUATED AS THE REFERENCE OF THE STRAIN-FREE STATE
or may exist the influences of the strain gauges setting where
the gauges are not fixed straight. Therefore, we multiplied only
the lateral strains so as to become the same strain value by
the neutron study. We adopt deviatoric and hydrostatic strains
in order to describe the superconducting properties by the
three-dimensional-strain. The deviatoric strain is defined
in the following formula.
(3)
where , , and are the strain of each direction in Cartesian
coordinates. The deviatoric strain means the scalar value for the
three-dimensional transformation of the materials without share
strain. Its relationship with is expressed in [4],
The hydrostatic strain is given by the following formula.
(4)
The hydrostatic pressure dependence of for a Nb Sn single
crystal was measured by Lim et al. [8]. of the Nb Sn was
decreased linearly by the increase of the hydrostatic pressure.
The and values at the absence of the external stress
were estimated by the results of the neutron diffraction as shown
in Table II [3].
Since the axial residual strain is 0.429% for the as-reacted
Nb Sn wire from the result of the neutron diffraction, the strain
of the axial direction is presented by the following expression
using the applied axial tensile strain .
(5)
and were estimated from the lateral strain measured
by the strain gauges. is equivalent to from the symmetry of
the wire. This relation suggests that the results of are used
as the and in the and estimation.
The dependences of and estimated from ,
, and , which were directly measured by the strain gauges,
are shown in Fig. 5. The inset shows the dependence of
. was calculated by using our measurement results. In
the estimation of , we changed the values as the
become zero at the maximum because calculated by
using obtained data are not minimum at the maximum point of
. Then, the is consistent with the result of ten Haken
[4]. In future, we have to check the dependence of by
neutron diffraction. becomes minimum at
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Fig. 5. The axial strain dependence of deviatoric strains. An inset shows the
measured lateral strain as a function of the axial strain.
Fig. 6. Deviatoric strain dependence of   at 4.2 K for the as-reacted
CuNbNb Sn wires. Closed and open circle symbols correspond to the
compressive and the tensile strain state, respectively. Triangular symbol is the
result of neutron diffraction.
but the absolute value of its slope is similar below and above
, although those sign is opposite.
From the results in Fig. 3 and Fig. 5, the dependence
of was estimated as shown in Fig. 6. The circles are de-
rived from the dependence of . The closed and the open
circles are the results in the compressive and the tensile strain
regions for Nb Sn, respectively. The triangular represents the
residual strains measured by the neutron diffraction study. In
this figure, the deviatoric strain dependence of is different
between the compressive region and the tensile region for the
same Nb Sn wire. It is formed that the deviatoric strain model
cannot sufficiently explain the strain dependence of both in
the tensile and the compressive strain region by the same pa-
rameters, because of the unique parameter of only . For un-
derstanding the difference of in the same , we suggest
that the hydrostatic strain is added to the deviatoric strain model.
The modified model for the strain effect of the superconducting
properties for the Nb Sn wire with and is needed for
understanding the superconducting properties for Nb Sn in a
complex strain state, for example, the prebending effect.
V. SUMMARY
The tensile strain dependence of was measured using a
strain dependent and measurement apparatus. The cal-
culated values from the measured are consistent with the
measured . The deviatoric strain and the hydrostatic one
were estimated from the axial strain and the lateral one
which were directly measured by the strain gauges. From
the results of , and , the dependence of
was discussed. We found that the deviatoric strain dependence
of is different between the compressive and the tensile strain
states, which cannot be explained by the deviatoric strain model,
because only is taken into account in it. The hydrostatic
strain has to be added to the deviatoric strain model.
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